Exposure to estrogens is a likely cause of endometrial cancer, but the means by which estrogens exert this effect are not entirely clear. One hypothesis is that certain estrogen metabolites bind to the DNA, forming bulky adducts that damage the DNA and initiate carcinogenesis. A woman's reduced capacity to repair such damage may increase her risk of endometrial cancer. We conducted a population-based case-control study in western Washington State to address the role of variation in nucleotide excision repair genes on the risk of endometrial cancer. Case women (n = 371), ages 50 to 69 years, were diagnosed with invasive endometrial cancer between 1994 and 1999. Control women (n = 420) were selected using random-digit dialing (ages 50-65 years) and by random selection from Health Care Financing Administration data files (ages 66-69 years). Genotyping assays were done for ERCC1, ERCC2 (XPD), ERCC4 (XPF), ERCC5 (XPG), XPA, and XPC. No appreciable differences between cases and controls were observed in the genotype distributions of ERCC1 (c8092a and c19007t), ERCC2 (D312N, K751Q, and c22541a), ERCC4 (R415Q and t30028c), or ERCC5 (D1104H). Carriage of at least one variant allele for XPA G23A was associated with decreased risk of endometrial cancer [odds ratio (OR), 0.70; 95% confidence interval (95% CI), 0.53-0.93]. Carriage of at least one XPC A499V variant allele was associated with a modest decrease in risk (OR, 0.79; 95% CI, 0.59-1.05). Women with variant alleles at both XPC A499V and K939Q had 58% of the risk of women with no XPC variant alleles (OR, 0.58; 95% CI, 0.35-0.96). Our data suggest that interindividual variation in XPA and XPC influences a woman's risk of endometrial cancer. (Cancer Epidemiol Biomarkers Prev 2005;14(11):2524 -30) 
Introduction
Although endogenous and exogenous estrogens are unequivocally associated with the risk of endometrial cancer (reviewed in refs. [1] [2] [3] , the mechanisms by which estrogens might act to influence the development of this disease remain unclear. One widely accepted hypothesis emphasizes the role of unopposed estrogen in stimulating cellular proliferation (4, 5) . A complementary hypothesis proposes that estrogens and their metabolites play a role in tumor initiation via direct damage to the DNA by the formation of bulky DNA adducts (6) .
The major estrogens in women, estradiol and estrone, undergo oxidative metabolism through hydroxylation at various sites, but the major pathways are 2-hydroxylation, 4-hydroxylation, and 16a-hydroxylation. The 2-OH and 4-OH estrogens can be further oxidized to semiquinones and quinones, which can form bulky DNA adducts (7) and can undergo redox cycling, producing reactive oxygen species that may cause oxidative stress, lipid peroxidation (8) , and DNA damage (6, (9) (10) (11) . The catechol estrogen quinones can be deactivated by conjugation with glutathione (12) or converted to hydroquinones, which protect against redox cycling (13, 14) .
Interindividual variation in genes that govern the structure and/or activity of the enzymes involved in estrogen biosynthesis, catabolism, and response are thought to play a role in a woman's susceptibility to endometrial cancer. With respect to DNA damage response, the role of genetic variation in the mismatch repair pathway on risk of hereditary nonpolyposis colorectal cancer -associated endometrial cancer has been extensively studied, but germ line mutations in mismatch repair enzymes (MSH2, MLH1, MLH6, and PMS2) have rarely been observed in sporadic endometrial cancers (15) (16) (17) . It is hypothesized that the DNA damage caused either by oxidative stress, and/or by estrogen metabolites binding to the DNA to form bulky DNA adducts, along with a woman's inability to repair this damage, is a possible mechanism by which estrogens increase risk.
The nucleotide excision repair (NER) pathway, which is comprised of >30 gene products, removes bulky chemical adducts, UV-induced pyrimidine dimers, and cross-links (18) (19) (20) . In addition to estrogen, other common environmental and dietary exposures, such as cigarette smoke and wellcooked meat, contribute to bulky adduct formation in the cell (21) . NER involves the recognition of DNA distortion caused by the presence of a bulky adduct by the RAD23B-XPC (xeroderma pigmentosum complementation group C) heterodimer followed by binding of XPA/RPA to the lesion. XPA is thought to be crucial for the subsequent positioning of the ERCC1-ERCC4 (XPF) endonuclease (22) . Helicases ERCC3 (XPB) and ERCC2 (XPD; two of the subunits of transcription factor IIH) unwind the DNA helix, and the ERCC5 (XPG) and ERCC1-ERCC4 nucleases excise a 24-to 32-bp segment containing the bulky adduct at its 3V and 5V ends, respectively. The resultant gap is filled by DNA polymerase (POLE or POLD1) and ligase I (LIG1) using the intact strand as a template (23) . It is not entirely clear whether in vivo repair involves sequential loading assembly of individual factors or loading of a complete repair complex onto a DNA lesion, but in either case, the repair factors are likely to act in a defined order (18) (19) (20) 22) .
We sought to test the hypothesis that interindividual variation in the genes involved in the repair of estrogen DNA adducts is associated with risk of endometrial cancer. Using a candidate gene approach, we selected 11 common (z5% minor allele frequency) single nucleotide polymorphisms (SNP) in six NER genes (ERCC1, ERCC2, ERCC4, ERCC5, XPA, and XPC), including all amino acid changes known at that time, and evaluated the associations between the respective genotypes and risk of endometrial cancer. We additionally investigated whether certain combinations of genotypes are associated with a particularly altered risk of disease.
Materials and Methods
Study Population. This study, described in Doherty et al. (24) , is comprised of women who took part in a populationbased case-control study of endometrial cancer, as well as a subset of controls from a population-based case-control study of breast cancer ( 31, 1999 . These women were identified through the Cancer Surveillance System, a population-based tumor registry affiliated with the Surveillance, Epidemiology, and End Results Program of the National Cancer Institute (26) . Cases ages 50 to 65 years were included only if they had a residential telephone in their homes, and those ages 66 to 69 years were included only if they were present in the Health Care Financing Administration data files used to select controls. Interviews were obtained from 472 (81.1%) of eligible cases, with blood samples provided by 383 (65.8%) of the eligible women (81.1% of interviewed women).
Control women with intact uteri and no prior history of endometrial cancer were selected from the three-county area using random-digit dialing (ages 50-65 years; ref. 27) and also by random selection from yearly Health Care Financing Administration data files (ages 66-69 years). The controls were frequency matched to the cases by 5-year age group and county of residence. The overall random-digit dialing response (the screening response multiplied by the interview response) was 76.3%, with 297 of eligible random-digit dialing controls interviewed. Of the 175 eligible Health Care Financing Administration controls, 116 (66.3%) agreed to an interview.
Eligible control women from the King County site of the CARE breast cancer study (25) , conducted during the same period of time, were included in the endometrial cancer study. The overall levels of screening and interview response for King County were 83.6% and 88.3%, respectively. Of the 132 King County CARE control women ages 50 to 64 years, with intact uteri, who were invited to provide a blood sample, we successfully obtained a blood sample from 115 (87.1%). Overall, of the 930 eligible controls, 665 (71.5%) were interviewed and 450 (48.4%) provided a blood sample (67.7% of interviewed controls).
The data from one control in the earlier (CARE) study, who was subsequently ascertained as a case in the later ENRICH study, was included in both the case and control groups; one case was excluded due to poor quality interview data; and the DNA samples of four controls could not be analyzed. Additionally, there were only 11 cases and 26 controls who were Hispanic or non-Caucasian. To minimize the potential confounding influence of race/ethnicity, our current analysis is restricted to non-Hispanic Caucasian women, for a total of 371 cases and 420 controls.
In-person interviews were conducted according to a standard protocol after informed consent. Participants were asked only about events that occurred before their ''reference date.'' For cases, this was the month and year of their endometrial cancer diagnosis. Reference date for the CARE controls was the month and year of their screening interview. All other controls were assigned reference years based on the distribution of diagnosis years among the cases and assigned a random reference month. A calendar of life events was constructed to facilitate recall. Data collected include demographic factors; height; weight at different ages; reproductive, contraceptive, and menstrual history; family history of cancer; history of selected chronic conditions; and history of contraceptive and noncontraceptive hormone use. Color pictures of oral contraceptive and hormone replacement therapy pill packs were used to prompt a detailed history of use.
Laboratory Assays. Genomic DNA was extracted from peripheral blood samples using a salt precipitation method (28) . Genotyping assays were done by multiplex single-basepair primer extension reactions with fluorescent-labeled dideoxynucleotide triphosphates (SNaPshot) on an ABI 3100 Genetic Analyzer (Applied Biosystems, Foster City, CA) and by RFLP analysis. Laboratory personnel were blinded to the case-control status. Quality control (positive and negative) samples were included in each batch of samples to validate genotyping procedures. Concordance for blind replicates (4% of total samples) was 100%. Scoring of the genotyping results was done independently by two molecular biologists, with any discrepancies resolved by retesting of the samples.
Gene-specific PCR products containing the SNP for each candidate gene of interest were amplified using the PCR primers and cycling conditions listed in Supplementary Table 1. Determination of Genotypes by SNaPshot Chemistry (Applied Biosystems). After amplification, the PCR products to undergo SNaPshot (ERCC1 C8092A, ERCC1 C19007T, ERCC2 D312N, ERCC4 R415Q, ERCC4 T30028C, ERCC5 D1104H, XPA G23A, XPC A499V, and XPC T30028C) were treated with 5 units shrimp alkaline phosphatase (U.S. Biochemical Corp., Cleveland, OH) and 2 units exonuclease I (New England Biolabs, Ipswich, MA) at 37jC for 1 hour followed by heat inactivation at 75jC for 15 minutes to avoid participation of primers and unincorporated nucleotides in the subsequent SNaPshot primer-extension reaction. Each SNaPshot reaction contained 3 AL of PCR products, 5 AL of 2Â SNaPshot Multiplex Ready Reaction Mix, and 0.02 to 0.1 Amol/L of each probe. Cycling of the SNaPshot reaction was as follows: 25 cycles of 96jC for 10 seconds, 48jC for 5 seconds, and 60jC for 30 seconds. After cycling, this reaction was treated with 1 unit shrimp alkaline phosphatase for 1 hour at 37jC followed by heat inactivation at 75jC for 15 minutes; 0.5 AL of this multiplex reaction was combined with 0.1 AL of LIZ-120 size standard (Applied Biosystems) and 13.4 AL of formamide, denatured, and subjected to capillary electrophoresis on an ABI 3100 Genetic Analyzer. Genotype determinations were made using GeneScan and GeneMapper (Applied Biosystems) software.
Determination of SNP Genotypes by RFLP. Following amplification, the PCR products to undergo RFLP (ERCC2 C22541A and ERCC2 K751Q) were digested with restriction enzymes known to cut differentially based on presence of the wild-type or variant alleles. Amplified ERCC2 C22541A products were digested with TfiI, which cut the wild-type allele at 587 and 57 bp and the variant allele at 474, 113, and 57 bp. Amplified ERCC2 K751Q products were digested with PstI, which cut the wild-type allele at 161 and 41 bp and the variant allele at 120 and 41 bp.
Statistical Analyses
Logistic regression analysis was used to compute odds ratios (OR) and associated 95% confidence intervals (95% CI) relating each of the SNPs as well as combinations of SNPs to the risk of endometrial cancer. When examining SNP combinations, biologically relevant exposure variables were created by gene (ERCC1, ERCC2, and ERCC4), heterodimer complex (ERCC1-ERCC4), and assembly of the DNA repair machinery (ERCC1-ERCC4-XPA, XPA-ERCC5, XPA-ERCC2, and ERCC5-ERCC1-ERCC4). Only matching variables and factors that altered the ORs by z10% were included in the final multivariate models. Among controls, the comparability of the distribution of genotypes for a given SNP with a prediction based on Hardy-Weinberg equilibrium was assessed using the Pearson m 2 test with one degree of freedom. All analyses were done using the STATA statistical package (version 8; STATA Corp., College Station, TX). Haplotype analyses were done using the HPlus software package (version 2.1; Fred Hutchinson Cancer Research Center, Seattle, WA; refs. 29, 30), which employs Expectation-Maximization with a modified progressive ligation computational algorithm to infer haplotypes. Haplotype analyses allowed us to combine information from multiple, individually genotyped, markers that have been inherited together on a single chromosome. If a genetic characteristic that is truly associated with disease risk is present in the region captured by the genotyped markers, then the haplotypes should capture the variation directly at that locus. As this was a study with no available family data, it was necessary to infer haplotypes for individuals in the study by use of partially observed phase information using a computer-based algorithm (29, 30) . The HPlus program handles data with missing genotypes, allows for adjustment of relevant covariates (matching variables, environmental factors, lifestyle variables, etc.), and allows for evaluation of effect modification when assessing haplotype-disease associations. Regardless of the inference method used, it is important to note that the absence of phase information can lead to uncertainty in haplotype assignment, which in turn can lead to biased estimates of effect (31) . Diplotype (haplotype pair) analyses were done using the PHASE estimation software (version 2; University of Washington, Seattle, WA). The results, inferred diplotypes (haplotype pairs) and their probabilities for each individual, were imported into STATA. Clustered logistic regression, using the probabilities assigned to each diplotype as weights in the regression, was used to compute ORs relating diplotypes to risk of endometrial cancer. This method of approximating joint likelihood for haplotype risk variables and haplotype frequencies has been described elsewhere for matched case-control data (31) .
Results
The characteristics of the study population (Table 1) have been described previously (24) . The mean age for both cases and controls was 59 years. Relative to controls, women with endometrial cancer were more likely to be obese, have fewer than two children, have a history of diabetes or hypertension, never have used oral contraceptives, to have taken postmenopausal hormone therapy in ways known to increase risk, and to not have smoked cigarettes.
For the SNPs under study, allele frequencies were consistent with those reported for other Caucasian populations. All observed genotype frequencies among controls were statistically consistent with the Hardy-Weinberg equilibrium. The genotype distributions in cases and controls of the 11 studied NER polymorphisms are shown in Table 2 . For the XPA G23A polymorphism, the presence of at least one variant allele was associated with a modest decrease in risk of endometrial cancer (OR, 0.70; 95% CI, 0.53-0.93). The presence of at least one variant allele for the XPC A499V was associated with a borderline decreased risk of endometrial cancer (OR, 0.79; 95% CI, 0.59-1.05). The observed ORs for both XPA G23A and XPC A499V were suggestive of a trend between increasing number of variant alleles and the magnitude of decreased risk. No appreciable differences between cases and controls were observed in the genotype distributions of ERCC1 C8092A, ERCC1 C19007T, ERCC2 D312N, ERCC2 K751Q, ERCC2 C22541A, ERCC4 R415Q, ERCC4 T30028C, or ERCC5 D1104H. The presence of at least one variant allele at each of the two XPC loci was associated with a decreased risk of 2526 Table 1 Table 3 ). Adjustment for potential confounders, including postmenopausal hormone use and body mass index, the two strongest risk factors for endometrial cancer, did not appreciably alter any of the observed estimates of association.
The NER machinery is thought to assemble in a sequential manner, with many of the proteins physically interacting with one another. ERCC1 and ERCC4 form a heterodimeric complex that is responsible for the 5V incision of DNA at the site of damage. XPA interacts with many of the core repair proteins and is essential for the correct positioning of the ERCC1-ERCC4 endonuclease (32) (33) (34) (35) . No association was observed between genotype for the ERCC1-ERCC4 heterodimeric complex and risk of endometrial cancer (data not shown). However, when evaluating the combined ERCC1-ERCC4 and XPA genotypes, reductions in risk were observed among those individuals with at least one XPA G23A variant allele and at least one variant allele at zero (OR, 0. Table 4 ). Variation in other examined gene combinations (ERCC1-ERCC4-XPA, XPA-ERCC5, XPA-ERCC2, and ERCC5-ERCC1-ERCC4) was not associated with risk (data not shown).
The least common XPC haplotype among cases and controls (variant allele for XPC A499V and no variant allele for XPC K939Q) was associated with a marginally decreased risk of endometrial cancer (OR, 0.82; 95% CI, 0.64-1.05; Table 5 ). Additionally, compared with women with the wild-type XPC diplotype (499AA and 939KK), women with all other diplotype combinations had a marginally decreased risk of Table 6 ). Carriage of at least one VK haplotype (variant allele for XPC A499V and no variant allele for XPC K939Q) was associated with a 38% reduction in risk when compared with women with the XPC AK/AK diplotype and a 20% reduction in risk when compared with women with all other diplotypes (OR, 0.62; 95% CI, 0.40-0.96 and OR, 0.79; 95% CI, 0.59-1.04, respectively; data not shown). Carriage of an infrequent ERCC2 haplotype (variant allele for ERCC2 D312N and wild-type for ERCC2 K751Q and ERCC2 C22541A) was associated with a marginally increased risk (OR, 1.48; 95% CI, 0.88-2.50; data not shown). No differences in haplotype distributions were observed between cases and controls for the ERCC1 and ERCC4 genes. No differences in haplotype distribution between cases and controls were observed for chromosome 19, which contains both the ERCC1 and ERCC2 genes.
Discussion
This is the first study to examine the role of genetic variation in nucleotide excision repair genes and risk of endometrial cancer. A study by Han et al. (36) observed no association between two genes in the double-strand break repair pathway, XRCC2 (R188H) or XRCC3 (5V untranslated region 4541 A ! G, IVS5-14 17893 A ! G, T241M), and risk of endometrial cancer.
In this study, the presence of the XPA G23A variant allele was associated with a modest decrease in the risk of endometrial cancer. Previous studies have examined the XPA G23A genotype only in relation to risk of lung cancer. Park et al. (37) and Wu et al. (38) reported 40% to 60% increased risks of lung cancer among Koreans and Caucasian Americans with carriage of the variant allele. In a study by Butkiewicz et al. (39) , neither the heterozygous nor homozygous variant genotype was associated with risk of lung adenocarcinoma when compared with the homozygous wild type. In a recent study, the XPA 23AA genotype was associated with a borderline increased risk of lung cancer (aa versus gg: OR, 1.7; 95% CI, 1.0-3.1), but the XPA 23GG genotype was associated with a borderline increased risk when combined with the XPC 939KK genotype (GG/QQ versus AA/KK: OR, 3.1; 95% CI, 1.0-9.9; ref. 40) . With respect to studies that evaluated DNA repair phenotypes in relation to XPA genotype, the data are limited. Wu et al. (38) used the host cell reactivation assay and observed significantly higher mean DNA repair capacity among controls with at least one copy of the XPA G23A wild-type allele (9.53 F 4.81) when compared with those with no copies (8.29 F 2.81, P = 0.03). A corresponding difference in repair capacity was not observed among case patients. We observed slight reductions in the risk associated with the presence of the variant allele at XPC A499V and XPC K939Q, and a larger reduction when the respective variant alleles were present at both loci. A trend of decreasing ORs among women with zero, one, or two variant alleles in these two XPC loci was observed, suggesting the possibility of incomplete or codominant inheritance. The reduction in risk associated with carriage of XPC variant alleles continued to be evident when haplotype and diplotype analyses were considered. Three prior epidemiologic studies of the A499V polymorphism have not observed an association with the risk of melanoma (41) (40) . No association was observed between XPC 939 genotype and lung cancer in another study, except when combined with XPC A249V genotype (43). Forsti et al. (47) observed a borderline decreased risk of breast cancer with at least one XPC 939Q allele in a Polish population (OR, 0.8; 95% CI, 0.6-1.0) and no association in a Finnish population, whereas Zhang et al. (48) observed a borderline increased risk with carriage of the heterozygous genotype (OR, 1.5; 95% CI, 1.0-2.2). No association was observed for XPC 939 genotype in a study of basal cell carcinoma (49) .
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The XPC K939Q polymorphism is reported to be in linkage disequilibrium with a polyintronic (AT) n (PAT+/À) polymorphism (50), which has been associated with lower DNA repair capacity (as measured by the host cell reactivation assay) and significantly increased risks of squamous cell carcinoma of the head and neck (51) . However, a significant difference in the frequency of chromosomal abnormalities by K939Q genotype was not observed in two Czech studies of healthy volunteers and tire plant workers (52, 53) . Functional evidence has yet to be presented for the XPC A499V polymorphism.
Our study has some noteworthy limitations. First, its relatively modest sample size allowed us to reliably identify only moderate-to-strong associations. Second, for a given gene, we studied no more than three SNPs. The absence of an association between our chosen SNPs and risk of disease does not preclude a potential role of a given gene in the NER pathway, or the pathway as a whole, and the incidence of endometrial cancer. The particular SNPs examined in this study were chosen using a candidate gene approach, with our intent to include SNPs from multiple genes in the NER pathway and to include known common (z5%) SNPs with amino acid changes. We are aware of the limitations of this selection method, particularly in light of the more recent developments in tagSNP and haplotype approaches. As they are generally more powerful for detecting associations than using single markers, these approaches tend to be preferred for characterizing interindividual variation across genes. Ideally, we would have chosen SNPs known to be functional. However, particularly at the time of SNP selection, there were only a limited number of studies examining the phenotypic effect of variation in the NER pathway.
There are several possible bases for our observation of an association between endometrial cancer risk and XPA G23A and XPC genotypes. First, the findings could represent true inverse associations between carriage of XPA and XPC variant alleles and risk of endometrial cancer. Second, in light of the multiple comparisons being made, we cannot distinguish between the possibility of a chance association and a genuine one. Third, the alleles observed to be associated with a decreased risk of endometrial cancer might be in linkage disequilibrium with other allele(s) that have a true etiologic effect.
This study suggests avenues for further research. The XPA and XPC genotypes observed here to be inversely associated with risk of endometrial cancer have previously been reported to be positively associated with the risk of lung and bladder cancer but possibly with a reduced risk of breast cancer. Evaluation in other studies of the possible association between XPA and XPC polymorphisms and all these forms of cancer, including elucidation of the functional effect of variation in these genes, is very much in order. 
